Objective: Currently, approximately 60-70% of patients with unilateral temporal lobe epilepsy (TLE) remain seizure-free 3 years after surgery. The goal of this work was to develop a presurgical connectivity-based biomarker to identify those patients who will have an unfavorable seizure outcome 1-year postsurgery. Methods: Resting-state functional and diffusion-weighted 3T magnetic resonance imaging (MRI) was acquired from 22 unilateral (15 right, 7 left) patients with TLE and 35 healthy controls. A seizure propagation network was identified including ipsilateral (to seizure focus) and contralateral hippocampus, thalamus, and insula, with bilateral midcingulate and precuneus. Between each pair of regions, functional connectivity based on correlations of low frequency functional MRI signals, and structural connectivity based on streamline density of diffusion MRI data were computed and transformed to metrics related to healthy controls of the same age. Results: A consistent connectivity pattern representing the network expected in patients with seizure-free outcome was identified using eight patients who were seizurefree at 1-year postsurgery. The hypothesis that increased similarity to the model would be associated with better seizure outcome was tested in 14 other patients (Engel class IA, seizure-free: n = 5; Engel class IB-II, favorable: n = 4; Engel class III-IV, unfavorable: n = 5) using two similarity metrics: Pearson correlation and Euclidean distance. The seizure-free connectivity model successfully separated all the patients with unfavorable outcome from the seizure-free and favorable outcome patients (p = 0.0005, two-tailed Fisher's exact test) through the combination of the two similarity metrics with 100% accuracy. No other clinical and demographic predictors were successful in this regard. Significance: This work introduces a methodologic framework to assess individual patients, and demonstrates the ability to use network connectivity as a potential clinical tool for epilepsy surgery outcome prediction after more comprehensive validation.
region is a potential, and often preferable, treatment compared to prolonged drug therapy. 2, 3 Currently, however, only approximately 60-70% of patients remain seizure-free 3 years after surgery for unilateral mesial TLE. 4 There have been many attempts to use standard demographic and clinical variables to identify patients who will benefit most from temporal resection. In TLE with hippocampal sclerosis, factors such as younger age at surgery, 5 >90% ipsilateral interictal epileptiform discharges, 6 and less frequent presurgical generalized tonic-clonic seizures (GTCS) 7 are associated with favorable early seizure outcome. In a cohort of TLE patients including those with and without hippocampal sclerosis, lower presurgical seizure frequency was an indicator of favorable outcome. 8 Gracia et al. 9 proposed a composite score in which 75-79% of patients with higher scores (4-6 of 6) had a favorable outcome at 10 years after resection. Points were added to the score for abnormal magnetic resonance imaging (MRI), <20 seizures per month, epilepsy duration <5 years, no GTCS, no invasive recordings, and temporal lobe resection. To predict likelihood of seizure freedom at 2 and 5 years' postsurgery, Jehi et al. 10 developed a nomogram that incorporated the associations between the above-mentioned variables and seizure outcome. In most cases, the greatest chance of seizure freedom predicted by these models is approximately 80%, which is only slightly higher than the success rate of all TLE patients who undergo resection. This suggests that there may be additional factors that help to distinguish which TLE patients will have favorable surgical outcomes, beyond these clinical and demographic variables.
TLE has been associated with altered networks in the brain. MRI provides an efficient method to investigate both the functional (FC) and structural (SC) connectivity of whole brain network alterations in TLE noninvasively. The strength of functional connections can be quantified using correlations of spontaneous low frequency resting functional MRI (fMRI) signal fluctuations. 11 In TLE, this has been investigated extensively (see [12] for review). Diffusion-weighted MRI can be used to quantify the local diffusion in a voxel to estimate the orientation of white matter fiber bundles within it. 13 Measures such as fractional anisotropy, 14 mean diffusivity, 14 and fiber density 15 have all been used as diffusion-based metrics of structural network connectivity alterations in TLE.
We propose that FC and SC changes in patients with unilateral TLE may predict seizure outcomes more accurately than clinical and demographic variables alone. In this work, we computed a model of the FC and SC within a previously proposed seizure propagation network 16 across a population of unilateral mesial TLE patients with a seizure-free outcome. We then tested the hypothesis that patients with unilateral TLE who have a connectivity pattern similar to this model will have a favorable outcome, whereas those whose pattern differs from this model will have an unfavorable outcome. Our primary goal was to develop a noninvasive, patient-specific method for identifying those patients who have favorable clinical surgical predictors, but who may ultimately have an unfavorable seizure outcome.
Materials and Methods

Patient characteristics
Thirty patients with unilateral TLE were recruited for this work. Of those, 22 completed the imaging procedure and had 1-year postsurgical seizure outcomes available (Table 1) . Inclusion criteria required standard presurgical evaluation diagnosis of unilateral TLE based on structural imaging with MRI, ictal and interictal electroencephalography (EEG), analysis of seizure semiology, and functional imaging with positron emission tomography (PET). Exclusion criteria included structural abnormalities on MRI other than hippocampal sclerosis. All patients with TLE were scheduled to undergo anterior temporal lobectomy or selective amygdalohippocampectomy, with one patient having hippocampal laser ablation. Seizure outcome was assessed at 1-year postsurgery by an epileptologist using the Engel surgery outcome classification. 17 . For association analyses, the seizure outcome was categorized as completely seizure-free (Engel class IA), favorable (Engel class IB-II), or unfavorable (Engel class III-IV). In addition, 35 healthy controls (20 female and 15 male, mean age AE standard deviation 37.8 AE 12.3 years) with no history of head trauma or neurologic or neuropsychological disease were also enrolled. The control group included at least one control subject who was age (AE3 years) and gender matched to each TLE patient.
Outcome prediction using clinical and demographic characteristics
The outcome for each patient was identified using the three categories as discussed earlier (seizure-free, favorable, and unfavorable). For outcome prediction throughout this work we used two different binary groupings of the three categories. The first separated the patients into completely seizure-free and favorable versus unfavorable, which was meant to identify those with the worst outcome. The second separated patients into completely seizure-free versus favorable and unfavorable, which was meant to identify the seizure-free from those with recurrence of any type. For continuous measures such as age and duration of disease, a nonparametric comparison of means (two-tailed MannWhitney) was performed using SPSS version 24 (IBM Corp., Armonk, NY, U.S.A.). For nominal or categorical parameters such as handedness and type of surgery, the Fisher's exact test (two-tailed) was performed using the same software. In addition, the modified seizure freedom score (m-SFS) 9 and the Epilepsy Surgery Nomogram indicating the chance of seizure freedom at 2 years based on Jehi et al., 10 both composite scores based on multiple clinical and demographic parameters, were also computed and compared to the outcome. These analyses allowed outcome associations using MRI connectivity to be compared to existing noninvasive clinical and demographic methods.
Imaging
The imaging was performed using a Philips Achieva 3T MRI scanner (Philips Healthcare, Best, The Netherlands) using a 32-channel head coil. The acquisition included the following: (1) three-dimensional (3D), T1-weighted wholebrain image for intersubject normalization and tissue segmentation (gradient echo, repetition time = 9.1 msec, echo time = 4.6 msec, 192 shots, flip angle = 8 degrees, matrix = 256 9 256, 1 9 1 9 1 mm 3 ), (2) T 2 *-weighted fMRI blood oxygenation level-dependent image at rest with eyes closed for FC (matrix = 80 9 80, field of view = 240 mm, 34 axial slices, echo time = 35 msec, repetition Modified seizure frequency score computed from [9] . Chance of complete seizure freedom at 2 years based on 10 nomogram. Engel seizure outcome score. 17 Epilepsia, 58 (7):1251-1260, 2017 doi: 10.1111/epi.13762 time = 2 s, slice thickness = 3.5 mm/0.5 mm gap, 2 9 300 volumes, 2 9 10 min), and (3) diffusionweighted MRI for SC (b = 1,600 s/mm 2 , 92 directions, 2.5 9 2.5 9 2.5 mm 3 , 3 averages). Physiologic monitoring of cardiac and respiratory fluctuations was performed at 500 Hz using the MRI scanner integrated pulse oximeter and the respiratory belt. Informed consent was obtained prior to scanning each subject per Vanderbilt University Institutional Review Board guidelines.
Image processing
We identified a potential seizure propagation network based loosely on the "Network Inhibition Hypothesis" by Yu and Blumenfeld 18 indicating how seizures spread from the temporal lobe to the cortex and cause impaired consciousness. We chose regions well known to be involved in temporal lobe seizures based on imaging and electrophysiologic evidence as referenced below for each region. Finally, we confirmed the involvement of these regions in TLE connectivity through our studies of connectivity and structure and disease characteristics. 16, 19, 20 FreeSurfer 5.1 [http://free surfer.net/] was used to segment the T 1 -weighted, 3D image of each subject into its cortical and subcortical gray matter regions. Then eight regions of interest (ROIs) were identified in each subject including the left and right hippocampus (Hip), 21 left and right insula (Ins), 22 left and right thalamus (Thal), 23 bilateral precuneus (Prec), 24, 25 and bilateral midcingulate (Cing). For the midcingulate region to be consistent with the region identified in the literature, 19, 24 we combined the caudal anterior cingulate and the anterior half of the posterior cingulate. To combine the right and left TLE patients into one cohort, the regions were converted from left and right to ipsilateral (I) and contralateral (C) referring to the side of seizure focus (Fig. 1A,B) .
Functional MRI images were preprocessed with SPM8 software [http://www.fil.ion.ucl.ac.uk/spm/software/spm8/] and Matlab (The MathWorks, Inc, Natick, MA, U.S.A.). The following steps were performed: slice timing correction, motion correction, physiologic noise correction using a retrospective image correction (RETROICOR) protocol 26 using the pulse oximeter and respiratory belt time series, spatial normalization to the Montreal Neurological Institute template, and spatial smoothing using a 6 9 6 9 6 mm 3 full-width, half-maximum (FWHM) Gaussian kernel. Then the normalized fMRI time series were temporally band-pass filtered at 0.0067-0.1 Hz. 27 The FC between each pair of regions was computed as the partial Pearson correlation between the average preprocessed fMRI time series in each region, with the average white matter time series and the six motion time series as confounds, converted to a Fisher Zstatistic. 28 The FC for the two fMRI series for each subject for each path were then averaged, resulting in an 8 9 8 nondirectional FC matrix for each subject.
The diffusion-weighted images were processed using FSL software [http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/] probabilistic fiber tracking. 13 Images were realigned to the b0 image and corrected for eddy current distortions with affine registration. Next, the voxel-wise diffusion parameters were estimated using the Bayesian approach in the BEDPOSTX algorithm. Then the probabilistic fiber-tracking algorithm with crossing fibers (PROBTRACKX) was used to investigate the same network regions utilized in the FC analyses. The process was computed eight times, once for each seed region using the other seven regions as both targets and terminations. Therefore, each time the algorithm computed the trajectories from each voxel in the seed and quantified how many of 5,000 trials reach each target (other seven regions) without passing through the other regions/targets (i.e. direct connections). The tracking was corrected for distance from the seed by weighting the tracking inversely according to distance so that the results are not driven only by local connectivity. The SC value between two regions (A and B) was computed using the equation:
where tracts A?B is the number of successful direct streamlines computed between seed region A and target region B with distance correction, tot tracts A?all regions is the total number of streamlines tracked successfully from the seed region A to any of the regions with distance correction, and vox A is the number of voxels in region A. This measure has no units and is a weighted average of the fraction of the streamlines between the two regions with respect to all the streamlines between the regions. This resulted in an 8 9 8 nondirectional SC matrix for each subject.
The FC and SC values of the controls were linearly fit to age individually for each path. Then each FC and SC of each patient was corrected by subtracting the estimated mean FC or SC of the control of the same age and dividing by the standard deviation yielding FCcorr and SCcorr. The units of both FCcorr and SCcorr are then standard deviations from the average healthy control of the same age, and can be positive or negative indicating increased or decreased connectivity compared to age-matched controls.
A modified degree 29 measure for each region of interest was computed using the 8 9 8 FCcorr and SCcorr matrices for each individual patient. The measure represents the total strength of the connectivity to this region across the entire network. To emphasize the connectivity ipsilateral to the seizure focus over that to midline and contralateral regions, the total connectivity was computed as a weighted linear
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where i is the seed region of interest, and j represents each of the other seven regions of interest in the network (Fig. 1B) . The weights, w ij , ranged from 2.0 for ipsilateral to ipsilateral FCcorr connections, to 0.5 for contralateral to contralateral connections as shown in Figure 1C . One value for each region was computed where CONN ij = FCcorr ij , and one where CONN ij = SCcorr ij . This resulted in a weighted connectivity vector of 16 values (nodes) (8 regions 9 2 connectivities).
To identify the similarities across the seizure-free patients, the variability in each node was computed across those patients. The FCcorr ipsilateral insula was found to have the highest variability in the seizure-free patients and in all patients (33% increase from next lower variance), and so this node was not used in further analyses. Thus, a 15-node weighted connectivity pattern was used for all subsequent computations. Note that the FCcorr of the ipsilateral insula was still used in the computations of the weighted connectivity of the other nodes.
Creation of connectivity-based model of seizure outcome
The weighted connectivity patterns (15 node vector) from the first 8 of the 13 seizure-free TLE patients enrolled were used to compute the seizure-free connectivity model (training patients). To create the model, we used a resampling and denoising approach. Principal component analysis 30 was performed on six of the eight training patients to reduce the original data into its eigenvectors. Then the six datasets were reconstructed using approximately 80% of the variance using the first three eigenvectors and coefficients, and averaged across the six patients. This process was repeated for all possible combinations of six of the eight training patients, and the resulting connectivity vectors were averaged to produce the seizure-free weighted connectivity model.
Testing of the connectivity-based model of seizure outcome
We hypothesized that the similarity of the individual patient to the model should indicate probability of seizurefree outcome. We identified two parameters of similarity. First, we computed the linear correlation between the patient's connectivity pattern and the model, with higher positive connectivity expected to be associated with seizure freedom. Second, we computed the Euclidean distance between the patient's connectivity pattern and the model, with lower distance expected to be associated with seizure freedom.
To characterize the distribution of possible values for these two similarity measures, we used a Monte Carlo simulation approach where 5,000 new sets of 8 9 8 FCcorr and SCcorr datasets were simulated. Each one was within 1.5 standard deviations (SD) from the mean of that path. Then a 15-node weighted connectivity vector was computed for each of the 5,000 samples and the similarity metrics to the original model were determined for each. The minimum Weights between sets of regions used for weighted connectivity computation. For IPSI to IPSI regions, 2.0 was used for FCcorr calculations, whereas 1.75 was used for SCcorr. Epilepsia ILAE correlation of at least 0.1% of the 5,000 sample Monte Carlo data and maximum distance of 99.9% of the Monte Carlo data, were used as thresholds for future patient comparison. The association between binary outcome groups and these similarity thresholds (binary: below or above threshold) were computed using the using the 2 9 2 Fisher's exact test (two-tailed). Finally, the same procedure was repeated using only the FCcorr data and the SCcorr data individually, to determine whether a model from a single modality performed better than the multimodality model.
Results
The clinical and demographic characteristics of our patient cohort are summarized and stratified by seizure outcome group in Table 1 . When seizure-free and favorable outcome patients are compared to unfavorable outcome patients, there are no significant differences between the group and no associations with outcome for any parameter in Table 1 . When seizure-free patients are compared to favorable and unfavorable outcome, increased duration of disease (p = 0.04, uncorrected) and evidence of mesial temporal sclerosis on pathology (p = 0.05, uncorrected) are associated with seizure freedom.
A connectivity-based model of seizure freedom was created using eight seizure-free datasets ( Fig. 2A ). This model was tested by comparing it to the connectivity patterns of 14 other independent patients using the correlation (Fig. 2B) and Euclidean distance measure (Fig. 2C) . A two-dimensional plot of these similarity values for each patient is shown in Figure 3 .
The Monte Carlo simulation methodology was used to identify an expected distribution of similarity to the model for seizure-free patients using 5,000 simulated points. The distribution is shown as the gray scale contours in Figure 3 . The center of mass of the distribution is [0. 6, 8] ([correlation, distance]). The minimum correlation for at least 0.1% of Monte Carlo points is À0.3, whereas the maximum distance for at least 99.9% of Monte Carlo points is 16. These are shown as dashed lines and were used as cut-off values for the Fisher's exact test statistics.
The seizure-free connectivity model successfully separated all the unfavorable outcome TLE patients (red) from the seizure-free (green) and favorable outcome (yellow) patients (p = 0.0005) using the combination of the two similarity measure threshold values (lower right quadrant of Fig. 3 ) with 100% accuracy. Neither distance to the model alone (p = 0.02) (top half of Fig. 3 ) nor correlation to the model alone (right half of Fig. 3 ) performed as well at separating the unfavorable patients. Using only functional connectivity (Fig. 4A) , the separation was significant (p = 0.02) using the distance threshold and both distance and correlation. Using structural connectivity only (Fig. 4B) , there was no significant separation between the 4) from the model. Hip, hippocampus; Thal, thalamus; Ins, insula; Prec, precuneus; Cing, midcingulate; I, ipsilateral to seizure onset; C, contralateral to seizure onset; F, FCcorr, functional connectivity corrected for age-matched control; S, SCcorr, structural connectivity corrected for age-matched control. Epilepsia ILAE patients of different outcomes. The model was not successful in separating the completely seizure-free (green) from the favorable (yellow) and unfavorable (red) outcome TLE patients. Note that the seizure-free training points used in the creation of the model (blue) were not used in these statistical analyses and are shown only for reference.
Discussion
In this preliminary study, we computed a model of presurgical MRI-based functional and structural connectivity, which separated the TLE patients with seizure-free (Engel class IA) and favorable (Engel class IB-II) outcome from those with unfavorable (Engel class III-IV) outcome at 1-year postsurgery with 100% specificity and 100% sensitivity (p = 0.0005) in a completely independent test sample of patients (Fig. 3) . This model was more accurate than either functional (p = 0.02) or structural connectivity alone (Fig. 4) . In addition, the connectivity model outperformed several clinical and demographic characteristics in predicting seizure outcome in this cohort (Table 1) , as none of these variables could separate the patients with unfavorable outcomes from the others. The model was built on the basic premise that the functional and structural connectivity of the seizure propagation network will have a consistent pattern across those patients with the same presurgical clinical characteristics and a completely seizure-free outcome. It was further hypothesized that those patients with decreased similarity to the model will have worse postsurgical seizure outcome. This premise allows for network heterogeneity in the patients with seizure recurrence, reflecting the fact that clinically it is known that there could be many reasons for TLE surgical failure. 31 These results suggest that the use of a network connectivity model could have a significant clinical impact on the presurgical evaluation of unilateral TLE. This model can be applied to individual TLE patients as we demonstrated here There is no significant separation of outcomes using structural connectivity alone (B). Epilepsia ILAE by testing it in 14 independent patients (not included in model development) across three different surgical outcome categories. If validated in a larger cohort, it may be possible to add this assessment to the clinical presurgical pipeline to evaluate those patients with unilateral TLE who indicate a good chance of seizure freedom (i.e., those with high m-SFS 9 and Epilepsy Surgery Nomogram 10 values). Ultimately, it may be possible that the type and nodes of difference from the model may provide some targets of further investigation of the patient such as invasive monitoring, but this has not been explored in this cohort.
Others have used imaging-based connectivity as a biomarker of surgical outcome in TLE. One such report found that increased ipsilateral FC to the resected region was associated with increased chance of seizure freedom (p < 0.05). 32 Similarly, increased magnetoencephalography connectivity to the resected region was also associated with increased chance of seizure freedom. 33 However, these methods are not currently applicable to individual patients. Bonilha et al. 34 used fewer paths across the brain with abnormal SC compared to controls as an indicator of increased chance of seizure freedom. Including clinical variables with the SC, the model achieved 94% specificity and 88% accuracy using a k-fold cross-validation approach.
Our results suggested that functional connectivity alone was partially able to separate the patients with unfavorable outcomes from the others, but the model patients (Fig. 4A , blue) that fell outside the simulation results indicates high variability in FCcorr across even those with seizure-free outcome. The fact that no patients fell outside the seizurefree simulations using only structural data (Fig. 4B ) suggests that there was relatively little variability in SCcorr across all patients in this network. It is possible, however, that there are structural abnormalities outside the investigated network that might provide better differentiation between outcomes. Alternatively, the model itself can provide insight into the relationship between the connectivity in the patients (seizure-free) and healthy controls.
In this work, the model ( Fig. 2A) showed decreased (<0) FCcorr in the ipsilateral hippocampus and in the bilateral midline structures (precuneus and midcingulate) compared to controls. Increases (>0) in FCcorr were found in the ipsilateral thalamus, the contralateral hippocampus, and contralateral thalamus. Almost all reports of FC changes in TLE detect both increases and decreases throughout the brain with inconsistencies regarding relation to ipsilateral versus contralateral networks. 12 Some report decreased ipsilateral FC with increased contralateral FC, 35 similar to our findings, whereas others report mixed or increased ipsilateral FC. 36, 37 These inconsistencies may be due in part to differences in duration of disease, age of subjects, or heterogeneity in surgical outcome.
The seizure-free model showed increased (>0) SCcorr in the bilateral midline structures (precuneus and midcingulate) compared to controls. Most fiber-tracking literature of TLE reports decreased SC as measured by fractional anisotropy and increased mean diffusivity in TLE. 38 When utilizing streamline or fiber density as a measure of SC, a measure similar to ours, both decreases 15 and increases have been reported. 39 The measure of streamline density is thought to reflect the "trackability" of the connection from the seed to the target via its most likely principal diffusion direction. 13 This is affected by parameters such as crossing fibers, myelination, and axon integrity. 40 Our results imply that decreased FCcorr accompanied by increased SCcorr in midline structures may be caused by or facilitate seizure propagation from the temporal lobe to the cortex.
One novel aspect of this work is the normalization of the connectivity to age. Although this makes it possible to interpret the values more easily within and between subjects and measures, it assumes a linear relationship between these parameters. Early age at onset epilepsy can have many other consequences that are not captured in a linear relationship. Further investigation into this is required. Other limitations of this work are that patients undergoing three types of surgical intervention were considered together, and the followup of 1 year is relatively short.
The primary limitation of this study is the small sample size. However, we propose that the promising results of this pilot study warrant further investigation. This work included all patients in our institution who were considered "pure" mesial temporal epilepsy surgical candidates over a 4-year period and a 1-year follow-up who agreed to participate (about 80% of total patients meeting criteria). As described in Table 1 , the patients included those with and without hippocampal abnormalities on presurgical MRI in each outcome group, a reflection of our total clinical cohort. As such there is no evidence that the model separated patients based on this parameter. In addition, the two patients with normal hippocampal presurgical MRI with seizure-free outcome were among the first eight patients recruited and were, therefore, included in the training data for computation of the model of seizurefree outcome. Histopathologic evaluation showed that all seizure-free patients had evidence of mesial temporal abnormalities. Those without presurgical MRI evidence of hippocampal abnormality in the favorable and unfavorable outcome groups had hippocampal reactive gliosis (all three patients) and amygdala grade 1 ganglioma (Engel class IV) on pathologic evaluation, but were successfully distinguished based on outcome and not on pathology by our model (Appendix S1).
Conclusions
In this preliminary work, we developed an MRI functional and structural connectivity model that identified those TLE patients with unfavorable seizure outcome at 1-year postsurgery with 100% accuracy in this small cohort in which no other clinical and demographic predictors were successful in this regard. The model is unique in that it employs a widespread network with relatively few nodes to specifically seizure propagation. Therefore, this work introduces a methodologic framework to assess individual patients, and demonstrates the ability to use network connectivity as a potential clinical tool for epilepsy surgery outcome prediction. Future work requires validation in a larger patient population and quantification of variability related to scanners and imaging acquisition parameters.
